Pyruvate carboxylase (PC) 
INTRODUCTION
In vertebrates, gluconeogenesis predominantly takes place in liver and kidney. Pyruvate carboxylase (PC), (EC 6.4.1.1), and phosphoenolpyruvate carboxykinase (PEPCK), (EC 4.1.1.32) are the main regulatory enzymes in the gluconeogenesis from three-carbon precursors (Pilkis et al., 1988) . PC is a biotin-containing enzyme that catalyzes stechiometrically the following reaction (Utter & Keech, 1963) : Pyruvate + CO 2 + ATP --> Oxalacetate + ADP + Pi PC has the highest flux-control coefficient in the gluconeogenic pathway from lactate and pyruvate in hepatocytes isolated from control or glucagon stimulated rats (Groen et al., 1986) . Gluconeogenesis is not the only metabolic role of this enzyme, as it is also important in lipogenesis (Ballard & Hanson, 1967) , in the biosynthesis of some aminoacids (Forissier & Baverel, 1981) and in the anaplerosis of the Krebs cycle (Adam & Haynes, 1969) . The in vivo PC activity depends on the substrate concentration and on the levels of allosteric effectors, mainly acetylCoA (Barrit et al., 1966) and adenine nucleotides (McClure & Lardy, 1971) . PC levels are regulated by gene expression and by the rate of degradation of the enzyme (Weinberg & Utter, 1979) .
Whereas the hormonal regulation of liver PC in response to thyroid hormones and diabetes has been described (Weinberg & Utter, 1979 , 1980 , its role in long-term regulation of gluconeogenesis has not been adequately considered (Pilkis et al., 1988) . On the other hand, several studies about the regulation of renal metabolism make reference to the unknown but possible regulatory function of PC (Jans & Willem, 1989; Nissim et al., 1990) . We have purified to homogeneity the enzyme from rat kidney cortex (Salto et al., 1990) and studied its distribution in the rat nephron (Salto et al., 1991) . In this work we measured the PC levels in rat kidney and liver in response to different metabolic situations, to compare the levels of enzyme with the metabolic role of the tissues under different conditions. We have found that treatments modifying gluconeogenesis induce a parallel change in PC amount and activity highlighting the importance of this enzyme in the regulation of carbohydrate metabolism. Purification of rat liver and kidney cortex PC. Rat liver and kidney cortex PC were purified to homogeneity from freeze-dried mitochondrial fractions using a method that includes ammonium sulphate precipitation, avidin (monomeric)-agarose affinity chromatography and gel filtration through Biogel P-200 (Salto et al., 1990) .
MATERIAL AND METHODS

Chemicals
Antibodies against rat kidney cortex PC. Rabbit polyclonal antibodies against purified rat kidney PC were prepared as described in Salto et al. (1991) . The IgG fractions of the serum were purified by ammonium sulphate precipitation and DEAE-cellulose chromatography.
Animals and treatments.
Male Wistar rats weighing 200 g were fed ad libitum on a standard diet. The animals were maintained in a constant temperature environment (22°C) with a uniform light cycle. For the study of the effect of long-term starvation rats were deprived of food for 5 days. For the study of the effect of liver degeneration, rats were injected intraperitoneally with 300 µl/100 g body weight of a 1:1 dilution of carbon tetrachloride in mineral oil. Three additional doses were given every 2 days. Control animals were injected only with mineral oil following the same scheme. Animals were killed two days after the last dose. Finally, diabetes was induced by a single intraperitoneal injection of alloxan (20 mg/100 g body weight). Control rats were injected with a similar volume of a 0.9% NaCl solution.
Preparation of liver and kidney samples. Control and treated animals were killed by decapitation and blood samples were collected from the neck wound. Livers and kidneys were quickly removed, blotted and weighed. All subsequent steps were carried out at 4°C. Livers and kidneys were homogenized in 10 volumes of 50 mM Tris-HCl (pH 7.4) containing 250 mM sucrose and 1 mM Na 4 EDTA and were centrifuged at 14,000 g for 15 minutes. The pellets were freeze-dried and extracted with 150 mM Tris-HCl (pH 7.6) containing 150 mM KCl, 10 mM MgCl 2 and 10% (v/v) glycerol. After centrifugation at 15,000 g for 15 minutes, the PC activity and total amount of the enzyme were assayed in the supernatant. All buffers contained 4 µM PMSF and 15 kallikrein-inactivating units of trasylol TM /ml as protease inhibitors.
PC determinations. Enzymatic activity was assayed by a 14 CO 2 -fixation method (Ballard & Hanson, 1967) . Oxalacetate produced was determined after its conversion into citrate by citrate synthase. The acetylcoenzyme A was synthesized from acetyl phosphate and coenzyme A in situ by the reaction catalyzed by phosphotransacetylase. One unit of enzyme activity represents the synthesis of 1 µmol of oxalacetate/ min. Specific activity is expressed in units/mg protein. The amount of PC was assayed by a competitive ELISA according to Ahmad et al. (1986) . Different standard calibration curves with purified rat-liver or rat-kidney cortex PC were used. rat-kidney cortex antibodies in crude extracts and in purified fractions of the enzyme (results not shown).
We have compared the antigenic response of PC from rat-liver and rat-kidney cortex using our antirat-kidney cortex PC antibodies. A single precipitin band, no spur, was observed when anti-rat kidney PC IgG was immuno-diffused against crude (mitochondrial extract) and purified rat-liver and rat-kidney PC showing a total identity reaction between both antigens (results not shown). An ELISA showed the same degree of recognition of both enzymes at two different dilutions of the antibody (Fig. 1) . Therefore, our anti-rat kidney cortex PC antibodies can be used for the quantification of both liver and kidney PC by ELISA, using standard calibration curves for the enzyme of each origin.
PC levels during starvation. The induction of the gluconeogenic capability in the rat-kidney during starvation has been confirmed by determination of the gluconeogenic capacity of kidney cortex slices according to Faus et al. (1978) . The glucose production from 10 mM lactate:pyruvate (1:9) by kidney cortex slices from control rats was 2.25 ± 0.22 nmol/ min x mg dry weight (n=6) and 3.67 ± 0.37 nmol/ min x mg dry weight (n=6) for the fasted animals. The PC activity and amount of enzyme during starvation are shown in Table 1 . In liver and kidney there was a significant increase in the enzyme levels related to the enhanced gluconeogenic capacities of both organs.
PC levels during carbon tetrachloride administration. The effect of the treatment with carbon tetrachloride on liver degeneration has been confirmed by the increase in the serum transaminases (data not shown) as well as visually by the observation of fat Total protein content of the samples was determined as in Bradford (1986) with crystalline bovine serum albumin as standard. Glucose concentration were determined by the glucose oxidase-peroxidase method (Bergmeyer & Bernt, 1974a) , acetoacetate and β-hydroxybutyrate were measured using the reaction catalyzed by β-hydroxybutyrate dehydrogenase . Transaminases were quantified according to Bergmeyer & Bernt (1974b,c) .
RESULTS
PC purification and anti-rat kidney PC antibodies.
PC purified from rat kidney cortex (Salto et al., 1990) was apparently homogeneous after SDS-PAGE, and it has been used to raise antibodies in rabbits. These antibodies specifically recognize rat-kidney PC with no cross-reaction with other proteins in crude extracts as has been shown by radial immuno-diffusion, immuno-precipitation and western-blot (Salto et al., 1991) . Rat-liver PC has been purified with the same protocol used for the rat-kidney cortex enzyme. The purified rat-liver PC showed a specific activity of 25.1 U/mg (compared to 18.6 U/mg for the ratkidney cortex enzyme) with a yield of 51%, appearing as a single band after SDS-PAGE and only one band was recognized by western-blot using the anti- Purified fractions of rat-kidney (•) and rat-liver (Ⅲ) PC were used as antigens. The first antibody was anti-ratkidney cortex PC, 1:1,000 or 1:5,000 dilutions. The second antibody was IgG goat-[rabbit IgG (whole molecule)] antibody horseradish peroxidase conjugate (1:1000 dilution). deposits in livers from treated rats, corresponding to the impaired liver functionality described by other authors at a similar dosage (Faus et al., 1978) . The PC activity and amount in liver and kidney during carbon tetrachloride administration are shown in Table  2 . Increases in enzyme activity and levels were observed in both liver and kidney extracts, but they were statistically significant only when referred to protein content of the extracts.
PC levels during alloxan-induced diabetes.
The time course for the onset of diabetes after a single intraperitoneal dose of alloxan is shown in Figure 2 . Two days after the treatment serum glucose and ketone bodies levels were highly increased. PC activity in kidney did not show any modification, but liver PC activity increased two-fold one day after the diabetic state was initiated. PC levels and activity five days after the alloxan treatment are shown in Table 3. Amount of enzyme did not change in kidney, but in liver a parallel increase on the enzyme level and activity were observed in diabetic rats. 
DISCUSSION
The antigenic response of PC from different tissues has been studied using antibodies raised against the rat-liver enzyme (Ballard et al., 1970) , and a similar antigenic response to immuno-precipitation in the different tissues assayed was observed. Our results, using antibodies raised against the rat-kidney cortex PC (Salto et al., 1991) , are similar since our purified IgG showed an identical degree of recognition of the liver and kidney enzymes by ELISA and radial immuno-diffusion. Therefore, our anti-rat-kidney PC antibodies allowed us to conduct correct immunological quantification by ELISA of the liver and kidney PC using calibration curves of both as standards.
In well-fed animals the hepatic gluconeogenic flux is low as a consequence of a high cycling rate on the hexose-phosphates and pyruvate-phosphoenolpyruvate substrate cycles (Hers & Hue, 1983) . Cycling is diminished and liver gluconeogenesis increases during short-term starvation (Claus & Pilkis, 1981) . Prolonged starvation produces an additional increase in liver gluconeogenesis together with the induction of renal gluconeogenesis (Kamm & Cahill, 1969; Pilkis et al., 1988) mediated by a release of glucocorticoids that enhance gene expression of the gluconeogenic enzymes (Henning et al., 1966; Longshaw & Pogson, 1972; Joseph & Subrahmanyan, 1972; Friedmann, 1984) . In addition, the renal gluconeogenesis is further induced by the metabolic acidosis produced during the starvation (Kamm & Cahill, 1969; Vargas et al., 1981) . Increases in gluconeogenic flux in long-term starvation has been ascribed to the increased PEPCK and glucose 6-phosphatase, as well as for the diminished activity of the glycolytic enzymes (Pilkis et al., 1988) . Our results in a long term starvation (five days) unequivocally show that PC is induced after long term fasting in both liver and kidney, probably as a response to the adaptative mechanisms presented above.
Low doses of carbon tetrachloride produces liver damage including inactivation of the cytosolic PEPCK and concomitant hypoglycemia (Faus et al., 1978) . This failure leads to an adaptative response of kidney cortex gluconeogenesis mediated by increased activity of PEPCK to maintain glycemia (Lupiañez et al., 1976; Faus et al., 1978) . No data has been reported about the action of the toxic on PC. We observed increased levels of PC in both liver and kidney (Table 2 ), in spite of the liver damage. The absence of PC inactivation could be explained by its mitochondrial localization. The enzyme may be protected from the free radicals produced after the administration of carbon tetrachloride. Thus, the increase in liver and kidney PC levels after the intoxication could be explained by the same metabolic mechanisms in response to the hypoglycemia.
PC levels in rat-liver (Weinberg & Utter, 1980 ) and rat-kidney (Joseph & Subrahmanyan, 1972) have been shown to be increased during drug-induced diabetes. Our results showed a nearly two-fold increase in the activity and amount of liver PC during alloxan-induced diabetes. The time course of the diabetes induction showed an increase in PC activity one day after the increase in serum glucose and ketone bodies levels, demonstrating that the induction of liver PC during diabetes is a late event. No differences were observed, however, in the activity of kidney PC five days after the diabetes induction, and there was even a significant decrease in enzyme amount, which differs with the two-fold increase in the enzyme activity measured in alloxan-treated rats previously described (Joseph & Subrahmanyan, 1972) . Experimental procedures could explain this differences, since we used a shorter treatment (5 days versus 10-12 days) and a different administration route for the drug. Therefore PC induction could be a late even in response to diabetes in kidney. A role for PC in increasing kidney-cortex gluconeogenesis during diabetes (Sochor et al., 1985) could not be excluded since it may be due to an allosteric stimulation of the enzyme produced by acetyl-CoA which could occur readily with the increased availability of ketone bodies. In conclusion, our results show different induction patterns for PC in liver and kidney during diabetes. The physiological significance of this differences is not clear but could be related with roles of the enzyme in both organs other than gluconeogenesis as anaplerotic replenishment, acetyl-CoA exportation from mitochondria and glutamine-mediated acid-base homeostasis. In fact a different behavior of the enzyme is also observed in the perinatal development of the rat, in which the induction of PC in kidney is considerably delayed compared to the hepatic enzyme (manuscript in preparation).
The fact that after any treatment modifying drastically the glucose metabolism in liver and/or kidney did also significantly modify PC activity and amount points to a role of the mitochondrial pyruvate metabolism in relation to the regulation of gluconeogenesis that needs to be re-evaluated.
